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While mining is a central income generating industry, numerous environmental concerns are 
related with it. The development of a metal concentrated acid solution known as Acid Mine 
Drainage (AMD) is a main environmental concern of some mining operations. In most cases it is 
desirable to prevent AMD, however, since this is not always possibly, treatment of AMD will 
mostly be required. It has been found that pervious concrete has waste water treatment qualities, 
however, limited work has been done to establish those qualities. The aim of this study is to 
examine and establish the connection between flow rate of AMD through a porous medium such 
as pervious concrete and the aggregate size of Pervious Concrete. This is done in order to achieve 
a low cost, yet effective method that can improve treatment of AMD for communities, especially 
in South Africa, affected by the problems associated with AMD. Some AMD samples are collected 
from South32 coal mine, which have high sulphate content, for laboratory testing. To predict fluid 
flow through pervious concrete as a medium, a mathematical model is formulated and tested. The 
results show that as AMD is filtered through the layers of pervious concrete precipitates of heavy 
metals may be removed. The pervious concrete layers also help to increase pH level of AMD to 
more acceptable values making concurrent absorption and neutralization a possible alternative. 
Keywords: Pervious Concrete, AMD, Regression modelling, Metal concentration, Treatment, 
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1.1 Acid Mine Drainage 
Acid Mine Drainage (AMD) occurs when Sulphide minerals combines with oxygen and loses 
hydrogen to form acid mostly at abandoned mining sites, resulting in acid water that contaminates 




Figure 1: Typical results of AMD, culled from Saving Water website. [1]. 
 
Some of the main causes of AMD are drainage from concealed mine shafts, runoff and release 
from open quarries and mine excess dumps and tailings. Drainage from uncontrolled concealed 
mine shafts into external water systems may occur as the mine shafts are filled with rain water. 
The chemistry of AMD differs from place to place and depends geological conditions. For this 
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reason treatment of AMD needs a great attention. The composition and behavior of AMD must be 
analyzed and tested before finding new treatment solutions or improving on existing treatment 
technologies. 
 
1.1.1 Treatment of AMD 
The control and minimization of the AMD problem remains the focus of the best practice for mine 
management sites. The treatment of AMD is divided into two categories namely; Active Treatment 
Technologies and Passive Treatment Technologies. Active treatment technology are the most 
effective technologies where chemicals are added to AMD and they need lots of maintenance and 
routine monitoring because they use machines and electricity. Active treatment technologies are 
mostly used in active mines and they are more expensive as compared to passive treatment 
technologies. Active treatment technologies include neutralization, Aeration, chemical prediction, 
ion exchange and biological sulphate removal. Passive treatment technologies takes advantages of 
nature, it focuses on biological treatment and chemical treatment technologies. Passive treatment 
technologies are mostly used in closed and abandoned mines. For an Acid mine drainage that has 
a low acidity and low flowrate they are always preferred. Passive treatment technology includes 
Anoxic limestone drains, electrochemical covers, Open/Oxic Limestone drains, Aerobic and non-
aerobic wetlands and Permeable reactive barriers.  
This dissertation focuses on passive treatment systems, where a pervious concrete wall is used as 
a reactive barrier to reduce metal concentration on the treatment of acid mine drainage.  
 
1.1.2 Pervious Concrete Dam 
Pervious concrete is a rough, gap arranged and porous material. It is a mixture of stones, small 
amount of sand, cement and water. It is intentionally designed to allow storm water to pass 
through and remove bit pollutants. While the main focus of designing pervious concrete is for 
storm water management, it has been found that pervious concrete has waste water treatment 
qualities [2 - 5], however incomplete work has been done to establish these qualities. Pervious 
concrete was examined for possible use as a permeable reactive barrier (PRB) for treatment of 
acid mine drainage (AMD) by treating acidic water. It was found that pervious concrete can 
remove concentrated metals such as zinc, iron sodium, magnesium etc [6 - 10]. In this 
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investigation pervious concrete is used as Permeable reactive barrier (PRB) in order to treat 
AMD.   
 
1.1.3 Permeable Reactive Divider 
One way to treat acidic concealed water is to build a penetrable responsive barrier within the 
polluted groundwater [10]. The barrier needs to be placed perpendicular to the flow direction of 
water, see Figure 2. The responsive material that makes up the wall can either eliminate or reduce 
the impurities in the water. The material for the wall must fulfil four conditions. Firstly, the 
material must be suitably sensitive to decrease sulphate attentions. Secondly, the material must be 
porous enough to allow the groundwater fluidity rate at the sites. Thirdly, the material must 
withstand its absorptivity and reactivity over a long time period. Finally, the material must be 
readily accessible and inexpensive it must fulfil site conditions, at which pervious concrete meet 
all the criterion specified herein above. 
 
  
Figure 2: Schematic of a permeable wall. [11]. 
 
The goal of using a permeable barrier is that there is a possibility that contaminated acidic water 
can move towards and endanger sensitive receptors such as drinking well. A Permeable Reactive 
Barrier is usually constructed by excavating a long, thin channel in the path of polluted 













Figure 3: Permeable reactive Barrie. [11]. 
 
Over time, reactive materials will be filled up with contaminants and become less effective at 
cleaning groundwater. When this occurs the contaminated reactive material may be excavated for 
disposal and replaced with new material. 
Permeable Reactive Barrier is a simple and less expensive technology that can be used to treat 
ground water. As discussed previously, the water will be flowing towards the permeable reactive 
media, when designing the reactive media criterion such as driving pressure of ground water, 
thickness of permeable wall, type of material for permeable wall, percentage intensity, and amount 
of porosity need to be considered in order to improve treatment of acidic water.  
 
1.1.4 Statement of the Problem 
The water flowing out of mine shaft requires treatment before it can be distributed to river systems. 




systems. South Africa has recently faced drought, which compounded with rapid increase of 
human population, that’s creates a need of water, more especially drinkable water. There are 
existing technical solutions to AMD, however, their cost of operation remains a concern. In this 
investigation a pervious concrete wall is used as a treating media. The inflow and outflow of water 
across the concrete is analyzed using regression modelling technique in order to develop a model 
for the flow of AMD through the pervious concrete. Pervious concrete is a no-fine concrete mix, 
intended for use as an open-graded drainage material as shown in Figure 4. The investigation 









Figure 4: Image of pervious concrete. [9]. 
 
1.2 Aim of the Research 
The motivation for this investigation is to establish a relationship between flow rate of AMD 
through a porous media and the thickness of pervious concrete wall. 
 
1.3 Key Questions, Hypothesis and Objectives 
As discussed earlier, AMD is contaminated water caused by mining activity of both past and 
present. This pollution can occur in the concealed holes formed by deep mining. In order to meet 
national, engineering and environmental clean water requirements treatment of AMD must be 
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prioritized and be analyzed to upgrade this treatment technique. Understanding and analyzing the 
way in which fluid will flow through a permeable wall will provide the necessary information for 
solution of any particular problem associated with treatment of AMD using porous media. The 
proposed study investigates whether there is a relationship between the aggregate size, and the 
thickness of pervious concrete wall when treating AMD. 
 
1.3.1 Key Questions 
 The key questions that arise are: 
1. What pervious concrete design parameters need to be considered in order to treat AMD? 
2. What materials can be used in the construction of such a permeable medium? 
3. How does the aggregate size of pervious concrete affect the flow rate of AMD? 
 
1.3.2 Hypothesis 
The flow rate of AMD will decrease with the increase in thickness of pervious concrete wall due 
to declining porosity. 
 
1.3.3 Objectives 
The objectives of the research are to: 
1. Determine design parameters of pervious concrete that treat AMD. 
2. Conduct flow rate tests on a carefully designed test setup. 
3. Conduct chemical analysis of AMD samples and effluents from flow rate tests. 
4. Develop regression model for pervious concrete design parameters that treat AMD 







1.4 Scope of the Study  
This study focuses on establishing a relationship between flow rate through a pervious concrete 
wall, and the thickness of pervious concrete wall. The study aims to help alleviate to the AMD 
problem by developing a model that describes the thickness of pervious concrete wall relative to 






The key to understanding mining consequences on the environment is a consideration of the 
sources that produce AMD [12]. The flow of AMD can cause contamination in water sources 
damage to the environment and eco-systems, threatening human health, groundwork and 
custom sites. There have been reports of serious pollution hazards for AMD at different sites 
[13].  As reported by Balintova et al, 2012[14], AMD is regarded one of the most significant 
ecological challenges related with mining activity. High levels of metal concentrations and 
sulphate flowing towards a stream or river degrade water quality of the stream. Tools and 
techniques such as MRPP (Mining Risk Prevention Plan) have been established to help control 
of environmental risk within a mine, MRPP helps to estimate and draw risks that are linked to 
pollution caused by old mining activities [15]. South Africa Department of Water Affairs and 
Forest has developed different policies for limitation of water hazards in the mining sector. 
List of Best Practise Guidelines (BPGs) have been developed for water management tools [16]. 
The BPG’s outline and file best practises for water and waste management [16]. It would be 
much better if AMD can be prevented, however, Kuyacak,1999 [17] states that if AMD cannot 
be prevented, it must be treated and inexpensive prevention methods are not yet available. 
AMD can be treated using Lime neutralization (most common), biological redemption (e.g 
Wetland and Sulphate reducing Bacteria), permeable reactive barriers e.t.c. All these methods 
are expensive, and they generate large amount of Sludge which require monitoring, storage 
and disposal [17]. It has been found that Pervious Concrete has wastewater treatment qualities, 
however, limited work has been done to establish those qualities [5]. This study focuses on 






2.1 Acid Mine Drainage 
2.1.1 The Nature and Extent of Acid Mine Drainage 
Acid Mine Drainage is formed by the weathering of Sulphide ores from active and abandoned 
mines [21]. When pyrite (Sulphide containing Rock) is unearthed, oxidizing action of water and 
air convert inorganic Sulphur to Sulphuric Acid and dissolved Iron. High Acidity, high absorption 
of Sulphate and absorption of heavy metals are the main properties of Acid Mine Drainage [22]. 
The precipitation of iron causes red, orange and yellow sediment at the end of the stream having 











Figure 5 : Yellow or Orange sediment in the bottom of stream. [23]. 
 
AMD is also categorized by low PH [24]. It differs from site to site because of different site 
conditions and other variables [25].  
 
2.1.2 Problems Associated With Acid Mine Drainage 
Some problems associated with AMD are listed here: 
 The flow of AMD destroys aquatic life and it affects human health see example in 
Figure 6 [26]. 
 Even if the coal mine is no longer working, the formation of AMD continues 




 Flow of AMD results in ecological damage and it contaminate rivers (drinking 
water) by Sulphuric acid and dense metals [27]. 
 AMD has economic impact. Government spends money for water purification. 
 Left unresolved acid mine drainage can leave sources of drinking water, and 











Figure 6: Aquatic life destroyed by Acid Mine Drainage [26]. 
 
2.1.3 Treatment of Acid Mine Drainage 
As stated by Magowo et al,2015[28], AMD has been one of the most serious environmental 
problems facing the mining sector and its treatment has become a major area of focus. Broad range 
of technologies is available in the treatment of AMD, there are two classes for treating AMD 
named as active treatment and passive treatments. Active treatment technologies, also known as 
chemical treatment, focuses on adding chemicals to AMD in order to increase PH and remove 
metals. Active treatment technologies are very effective and they require lots of maintenance and 
routine monitoring because they use machines, compared to passive treatment that requires only 
irregular repairs. Passive treatment technologies use chemical and biological procedures that occur 









Table 1: Comparison between Active and Passive AMD treatment technologies 
Active treatment technologies Passive treatment technologies 
Used in active mines Used in closed and abandoned mines 
Involves use of chemicals and machinery. Rely on natural chemical, physical removal processes and 
biological reaction. 
Requires lot of maintenance and routine monitoring Requires less maintenance [29]. 
Considered for high flow rates Considered for low flow rate [30]. 
Requires power or energy to operate Does not need power or energy to operate. 
Effective and reliable continuously meet water-quality 
based discharge criteria [32]. 
May not meet strict water-quality-based discharge criteria. 




The main advantage of both passive and active treatment technologies is that they help to upgrade 
the contaminated water, by lowering acidity and poisonous metal absorption and increase pH. 
Active treatment technology includes the following: 
 Aeration – Is the process that removes dissolved carbon dioxide, which is commonly 
present in mine water coming from underground [33], see Figure 7. 
 Neutralization – Dosing of AMD with chemicals in order to produce required water 
chemistry [34]. see Figure 8. 
 Metal removal – It is the process of removing the metals from AMD  
 Chemical precipitation – Is the method for removing dissolved minerals from wastewater 
containing toxic metal. 
 Ion exchange - This process is used to soften the AMD water, see Figure 9.  
 Biological sulphate removal – Is used to treat industrial waste in addition to sulphate metal 
removal and neutralization.  
 































Passive treatment technology includes the following: 
 Permeable reactive barrier – Is a medium that allows some but not all materials of AMD to 
pass through, they are made up of emplacement of responsive materials in front of and 
upright to the flowing polluted ground water [36]. 
 Slag leach bed – Is a slag check dam, or barriers containing fine-coarse slag aggregates 
 Aerobic and non-aerobic wetlands – They are used to counteract acidity and eliminate 
metals from acid mine drainage, Wetlands are mixtures of physical, biological, and 
chemical interactions among plants and microorganisms [37]. 
 Open/Oxic Limestone drain – Is the process in which ditches are filled with gravel, for the 
purpose of dissolving Limestone as AMD passes through the gravel, see Figure 11. 
 Electrochemical covers - has been established for the avoidance of Acid Mine Drainage by 
decreasing the limited pressure of oxygen (PO2) or liquefy oxygen (DO) accessible to 



























Figure 11: Anoxic Limestone drain [23] 
 
2.2 Acid Mine Drainage in Johannesburg 
2.2.1 Where is it Happening? 
South Africa is rich with minerals, more especially gold, which has created economic 
development, employment and wealth. Gold mines produce uranium, silver, pyrite, and 
osmiridium [40]. Although production of Gold in South Africa has a positive impact on economic 
growth, it also causes negative impact such as civil turbulence, commercial variation, community 
evacuating, contamination, negative fitness, and ecological damage [41]. Since water is a scarce 
resource in South Africa, persistent water pollution caused by flow of AMD to rivers and streams 
raises a concern on how this pollution can be controlled. The map shown in Figure 12 display the 





Figure 12 A map displaying the delivery of coal and Witwatesrand Basin gold deposit. [38]. 
 
There is currently a massive flow of AMD flowing to the streams that are connected to Vaal River 
and Crocodile River. Areas that are affected by AMD in Johannesburg includes: 
 West Rand, 
 Wonderfonteinspruit, 
 Tweelopiespruit, 
 Tudor Dam  and 
 Robinson Lake near Randfontein. 
 
The Tweelopiespruit is part of the Crocodile River system and the Limpopo River catchment area. 
Grootveil mine that is run by Pamodzi Gold has stop working,  Acid Mine Drainage is expected 
to flow onto the ground water systems. 
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2.2.2 Actions Taken in Response to AMD 
Finding Solutions in response to AMD, university professors, scholars, mining houses, private 
institutions and government departments have conducted research on AMD, however, their 
research focuses on isolated solutions to individual interest in the treatment process of AMD [39]. 
Examples are Neutralization and toxic element abstraction with original and improved limestone 
and cost savings through the use of reagents [40]. In all the research that are completed and 
proposed, the threat of AMD continues. In areas like Wonderfonteinspruit in Carletonville 
Gauteng province in South Africa there is a warning sign written in three languages warning people 










Figure 13: Informational warning signs for polluted water in three languages [43] 
 
Acid Mine Drainage Inter Ministerial Committee (IMC) has been established in 2016 in order to 
define strategy of action and to grow a government reply, Despite technologies that have been 
implemented for treatment of AMD, with lots of protective measures that has been established,  
AMD continues to contaminate the streams and rivers [43, 44].  
Every time the mine closes in Witwatersrand and stops pumping, the water fills up the void and 




responsibility of neighbouring mines to pump that water, thus there is a pumping subsidy 
introduced by Government to assist mines to pump this additional quantity of water [40]. The 
former Minister of Water and Sanitation recently said “the problem of AMD cannot be left 
unattended, it has persisted for centuries and we have taken steps to address the challenge” [45]. 
A new AMD plant has been open in Springs outside of Johannesburg. This plant will respond to 
the contamination of clean water and control the level of AMD underground so it cannot leak to 
the surface. Central basin in Germiston and Western basin in Krugersdrop have been operating for 
years. Building the new AMD plants has cost South African government R10 billion to R12 billion 
[45]. Solution of AMD is extracted from mine void and sent to treatment plants, then all the treated 
water is sent to nearby water sources such as streams, rivers and dams. Production of clean water 
increases water supply to Vaal river. Kromdrai AMD treatment plant, Figure 14, was developed 
by Aveng group and mounted at coal mining major Anglo American Thermal Coal’s Kromdraai 




Figure 14: Kroomdrai water treatment plant.[45] 
 
The plant produces safe and clean water for the environment, and it is capable of producing 
drinking water that meets South African National Standards (Sans) for drinking water. The AMD 
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plant treatment process starts with pre-treatment where particulates are removed and scale forming 
contaminants such as Calcium, salts and metals are retained. The step in the AMD treatment 
process is Reverse Osmosis (RO) which function in a double pass mode, with the first pass in 
acidic condition and second pass takes place under pH neutral conditions for further extraction of 
inorganic compounds found in AMD. The last step is water polishing which requires very clean 
water, a mixed bed ion exchange to ensure low total dissolved solids. As by Lusilao-Makiese et al 
2013, the Western basin in Krugersdorp and Central basin in Germiston have been operational for 
a few years. The plants are one of government’s plans to clean AMD. 
 
The South African government has invested in different options in the treatment of AMD, like 
EPSE solutions, a new technology to treat AMD,launched in July 2016 in Johannesburg. The name 
EPSE is an abbreviation for Eco Process Services,  a company based in Finland. The EPSE 
specialises in treating Acid and Industrial waste water and solve the problem of metal pollution in 
mining and heavy metal industries. Their final product is purified water and raw materials (in the 
form of precipitates), converting soluble metals contained in AMD to harmless insoluble metals 
that can be used in the production of several other processes.  According to EPSE, the polluted 
water is passed through a boring acid reactor, then the next step is ph-modifying reactor and the 
last step is Clarifier. Clarifier produces insoluble precipitates and clean water. The last step takes 
longer than other steps because heavier metals have to sink, so that clean water can float to the 
surface. For further removal of the remaining sulphates in AMD solutions, EPSE recommends 
processing the clean water through sulphate-specific technology thereby producing portable water. 
The EPSE claims that its solution is cost effective and it removes metals completely from AMD 
solutions, resulting in insoluble precipitants. Soluble precipitants are classified as hazardous waste 
which is required to be stored in a special storage place which requires more cost for storage. 


















Figure 15: Schematic main EPSE process flow [45]. 
 
One of the advantages of EPSE technology is that it is effective with low and high concentration 
of metals, which is difficult for current technologies to extract metals from low metal concentrated 
solutions. The EPSE technology also generates heat that is used in mining and treatment of 
industrial waste and it is effective with almost all the metals, with the ability to extract all the 
metals at the same time, whereas current technologies are selective. As stated previously, EPSE 
solutions are capable of producing purified water. Purified water is water that is mechanical treated 
to remove contaminants and makes it useable. Treated water can be used in science, engineering 
laboratories, production of medication and in industries.  
 
Figure 16 shows the chemical results of mine effluent (AMD) for EPSE solutions. The content of 
minerals dissolved solids in water determine if water is suitable for use in household and industry. 
Water Act of 1956 protects our limited water sources from pollution. For wastewater to be used 
for Agricultural purposes it must not contain any poisonous or harmful constituents in the 
concentration [46]. Table 2 shows South African Bureau Standard for drinking water supply. It 
also shows maximum permissible concentration of certain constituents in drinking water. When 




standard in Table 2 clearly shows that the EPSE solution  meets the minimum requirement for 
clean water, however, the higher concentration of Sulphate is further removed in a Sulphate – 













Figure 16 Chemical results of mine effluent (AMD) for EPSE solution [45]. 
 
The report from the Department of Water Affairs website states that the then Finance Minister 
Pravin Gordan allocated R3.6 billion for water and infrastructure services in December 2011, this 










Table 2: South African Bureau standard for clean water 
Chemical Composition South African Bureau Standard 
Max. desirable Max. permissible 
pH 6.0-9.0 5.5-9 
Total Solids 500 2000 
Hardness (𝐶𝑎𝐶𝑜3) 20-200 1000 
Cyadines (CN) 0.01 0..2 
Chloride (Cl) 250 600 
Chromium hexavalent (Cr) 0.05 0.05 
Fluoride (F) 1.0 1.5 
Copper (Cu) 1.0 1.5 
Iron (Fe) 0.3 0.7 
Manganese (Mn) 0.1 0.4 
Magnesium (Mg) 100 150 
Zinc (Zn) 5 15 
Phenols 0.001 0.002 
Sulphates (𝑆𝑂4) 250 400 
 
 
2.2.3 Sustained Environmental Consequences of AMD 
There is a concern of acidic water from abandoned mine that has started to spill into the water 
table of Witwatersrand threatening the health of residence [47], Acid mine drainage has started to 
flow downstream and damage the ecosystem [48]. As shown in Figure 17 the animals are covered 
by the acid mine in Krugersdrop Game reserve, the exposure to AMD possess a serious threat to 









Figure 17: Three Hippos are coated with Acid mine drainage at Hippo Dam at the Krugersdorp Game Reserve [49]. 
 
The mine shaft and underground cavities are being filled up with AMD because there is no more 
pumping out of contaminated water in the closed mines. Hence the level of AMD continues to rise 
with different rates in different basins on the Witswatersrand. It has been found that AMD is highly 
corrosive, toxic and often radioactive [50]. The effect of radioactive material such as uranium, 
thorium, radium and polonium pose a serious threat to the eco-system. The West rand basin 
continues to receive approximately 50 tons of uranium per year [51]. Medical conditions such as 
kidney disease, blood disease, organ failure and cancer are sometimes caused by uranium that was 
in water or plant [53]. When it is raining, the radioactive material mixes with rainwater, and then 
it flows to rivers, sometimes it is transferred to animals by wind through inhalation. As stated 
previously there are diseases that are caused by direct exposure to uranium in order to limit the 
risk of being exposed to radioactive materials, the South African Chamber of Mines has set 
guidelines that each tailing dump should have 500m buffer zone, isolated where no human site is 
allowed [53]. Even though there are guidelines that prevents humans from being exposed to 
uranium, there are areas like Soweto outside Johannesburg, where children have access to a river 















Figure 18: Children swim in toxic water in Soweto. [55]. 
 
There are informal settlements that are built on radioactive land in West Rand Basin, people use 
this land also for agricultural purposes. This indicates that the government of South Africa has 
failed to implement procedures that restrict human exposure to uranium.   
 
2.2.4 Zama Zama Mining 
Over recent years mine output in South Africa rapidly declined, due to increased labour and 
operation costs and too much focus on increasing the profit. Several mine shafts and underground 
work were shut down [40]. The shutdown of many mines resulted a lot of mine workers losing 
their jobs. The abandoned mines such as Witswatesrand basin, have opened an opportunity for 
retrenched mine workers to use their skills so as to provide for their families. Group of mine 
workers started to dig gold illegally from abandoned mines this is referred to in South African 
lexicon as Zama Zama mining. Zama Zama mining refers to informal miners who dig gold illegally 





















Figure 19: Illegal miners in Boksburg. 
 
 Zama Zama is a South African name for artisanals who don’t obey existing South African mining 
laws, they don’t share their fortune with the community, and they don’t obey the regulations of 
health and Safety [55]. Reworking of mine tailings and mine dumps by the Zama Zama contribute 
to rise in the level of AMD. Government has enforced regulation to control Zama Zama through 
policing of abandoned mines with random arrests and prosecutions, however, this action hasn’t 
stopped Zama Zama from digging gold illegally. Laws that restrict access for illegal miners should 
be established so as to protect these illegal miners from being exposed to dangerous chemicals 
such as AMD and Uranium. The Department of Mineral Resource’s former Minister Godfrey 
Olifants said government will not permit artisanal miners for deep mines, he said if government 
grants access they would be sending people to their death [54]. 
 
2.2.5 Acid Mine Drainage in Dams 
Flow of polluted water from abandoned mines to rivers, streams and dams is known as AMD. 
Usually this contaminated water contains poison, heavy solids and radioactive elements. Acidic 
characteristics of AMD allows solids to be conveyed in their most soluble form [54]. There are 
two sources of AMD classified as primary sources and secondary sources. Primary sources include 
mine rock dumps, tailing impoundment, construction rocks used in roads and secondary sources 




AMD has a negative impact on the eco-system. To prevent ground water from mixing with surface 
water and damaging eco-system, dams should be constructed, to isolate ground water. A dam that 
stores by-products of mining is known as tailing dam. Conventional retention dams can also store 
by-products of mining but tailing dams are more sustainable. Tailing dams rank as one of the 
largest engineering structures on earth [58]. Tailing dams are designed for permanent use and they 
can withstand different kinds of waste and toxic material [59]. The walls of tailing dams are always 
built to be 45-degree slope, but some of the dam walls are 15 degrees, this is done to reduce wind 
resistance [60]. The South African National nuclear regulator has classified Lancaster dam in the 




Figure 20: Lancaster dam in Krugersdorp .[61]. 
 
Lancaster dam supports no life such as fish, birds e.t.c, this water cannot be used for agriculture. 
Its water is orange like Rooibos tea, and it cannot be used for drinking or for bathing. It was 
previously pointed out that this water has started to seep into the soil, which would end up in the 
Wonderfonteinspruit . The Wondesfonteinspruit is flowing to Vaal River, upon which millions of 
citizens depend. Some mining companies have allowed AMD to flow to rivers, streams and dams, 
which is resulting to 270 tailing dams in the Witwatersrand basin which is a source of water 
pollution [62].  Figure 21 shows Mofolo stream in Soweto, Gauteng, where black water with a foul 
smell is flowing straight to Klipspruit River. The foul smell may indicate the presence of Hydrogen 
sulphide. Animal or human exposure to Hydrogen sulphide results in death, respiratory, 






Figure 21: Mofolo stream in Soweto. 
 
2.3 Design of Concrete Dams 
A dam is an obstruction that stops flow of water. Its general purpose is to retain water. Dams are 
designed different so as to serve different purposes. There are technical requirements that have to 
be remembered when designing a Dam, for example the height of water supply of the dam would 
be higher than the height of flood prevention dam. Based in construction dams are categorised as: 
 Embankment Dam – are built by rocks or earth fill 
 Concrete Dam – are constructed by concrete 
Embankment Dams are the most common Dams that are used worldwide because of their 
simplicity and low cost. Embankment dams are designed from natural material. Concrete dams 
were designed to stop undesired cracking for complex construction. Table 3 shows the two main 








Table 3: Types of Dams [63] 
Main Types of Dam Type of Dam 
Embankment Dam Rock fill Dam - is constructed rough grained 
gravel, crumpled rocks, or boulders 
Earth fill – this type of Dam is constructed from 
selected engineering soil. 
Concrete Dam Gravity Dams – depend on the weight of concrete 
to resist forces of water in a Dam. 
Buttress Dam – are made of reinforced concrete, 
with a solid side supported at intervals.  
Arch Dam – rely on their curvature nature to 
withstand forces of water in a Dam.  
 
 
Large concrete dams are design to withstand large hydrological loading such as earthquakes [64]. 
Embankment Dams are not strong enough to withstand hydrological loading, they are easily 
washed away by flood. General causes of failure of a dam include [63]: 
 Design errors e.g. calculation errors, conceptual design errors, 
 Construction errors e.g. excessive construction load, 
 Material deficiency e.g. fabrication defect, 
 Operational errors e.g. change in structure use, 
 Project planning e.g. lack of clear scope. 
Lack of awareness of dam safety management practices and impact is one of the major contribution  
to dam failures [66], safety and dam management policies are not strong and well enforced. [65].  
 
2.3.1 Brief History of Pervious Concrete 
Pervious concrete is a different type of concrete as compared to conventional concrete, it is made 
up of no fine, large aggregates with high percentage of porosity. Pervious concrete was first used 
as a pavement appearance and load comportment wall in 1800 in Europe because it was affordable 
compared to other types of concrete [67]. In those days the conventional concrete and cement was 
41 
 
scarce thus increasing the popularity of pervious concrete. In Europe it was used specifically for 









Figure 23: Conventional concrete versus pervious concrete 
 
 
2.3.2 Uses of Pervious Concrete 
The low prices of pervious concrete compared to conventional concrete were not the only reason 





 In parking lot,  
 Side walk and trails 
 Low water bridge 
 Underlay for conventional concrete 
 Roadways 
 Courtyards 
 Artificial bars 
 Incline steadying 
 Well facings 
 Foundation/green floor to greenhouse 
 Aquarium 
 Hydraulic constructions 
 Swimming pond floors 
 Roadway edge drain 
 Jetty and embankments 
 
 
Table 4: Advantages and disadvantages of pervious concrete [67] 
Advantages Disadvantages 
 High permeability 
 Less shrinkage 
 Less weight 
 Higher thermal insulating values 
 Recharges ground level 
 Reduces risk of flooding 
 It saves cost (eliminates need for 
sewers and pond) 
 Poor bond strength compared to 
conventional concrete 
 Less compressive strength 
 High possibility of clogging 
 Lack of experienced engineers in the 
use of pervious concrete therefore it 






2.3.3 Pervious Concrete Mix Design 
Pervious concrete is made up of intersected voids which is permeable to water. The permeability 
percentage is about 15% to 30%, of which 15% is the minimum [67]. 
 
a) Aggregates 
Pervious concrete is made up of little or no fine aggregates. The bigger aggregates cause the 
surface to be too coursed which is not according to standard of surface roughness. The shape of 
aggregate does have an influence on the compaction effort [68]. In general round aggregates 
require less compaction effort when compared to crushed aggregates. The use of fine aggregates 
increases the compressive strength but reduces the percentage porosity. Figure 24 shows a few 








When making pervious concrete slabs it is important to be cautious with the cement to water ratio 
as this has a great influence on its permeability. 
 
Table 5: The categorizing of stone for concrete, percentage of material passing filter of specified size [69]. 
Nominal 
Aperture size of 
Sleeve, mm 
Nominal size of aggregate, mm 
75.0 53.0 37.5 26.5 19.0 13.2 9.5 6.7 
75.0 100 100       
53.0 0-50 85-100 100      
37.5 0.25 0-50 85-100 100     
26.5 0.5 0-25 0-50 85-100 100    
19.0  0-5 0-25 0-50 85-100 100   
13.2   0-5 0-25 0-50 85-100 100  
9.5    0-5 0-25 0-55 85-100 100 
6.7     0-5 0-25 0-55 85-100 
4.75      0-5 0-25 0-55 
2.36       0-5 0-25 
1.18        0-5 
Dust content Not to exceed 2.0% 
 
 
The particle sizes effect the penetrability of concrete. As the voids add up the weight of pervious 
concretes decreases. The coarse aggregate that is used to make pervious concrete is the normally 
rounded river gravel or crumpled stone. The common aggregate size is ¾-inch to 1-inch aggregate 
[70]. Pervious Concrete engineering differ as a function of void ratio. In the investigation the 
thickness of pervious concrete is varied, to investigate its effect on AMD treatment. After all the 
mixing has been done, the concrete is left for 7 days for curing. For maintenance purposes, a high-
pressure jet can be used to remove clogging, wet or dry vacuum and other maintenance practices 




b) Cementations Materials  
Type 1 cement is regularly used in the manufacturing of pervious concrete, however, any type of 
cement can be used. Cement material that is supplementary such as flyash or slag can be used in 
exchange up to 25% (flyash) and 50% slag of cement. The cement to water content of pervious 
concrete is similar to conventional concrete. The quality of pervious concrete can be determined 
by adding chemical components which can be used to decrease water to cement proportion. 
 
c) Typical Composition of Pervious Concrete 
The feature of pervious concrete is not determined by water to cement ratio like other forms of 
concrete. The excellence of pervious concrete is defined by its percentage porosity, flow rate of 
water as it passes through pervious concrete, and the weight. These factors are important because 
they measure the performance of pervious concrete. High or low compressive strength is not the 
indication of poor or good quality of pervious concrete. Since pervious concrete is mostly used in 
car parking lots, it is made up of several components; each component has an impact on its 











The top layer is the toughest layer and weather resistant because it is in direct contact with traffic. 
There is no specific size for the thickness of the top layer, however, its size depends on traffic load, 
and its percentage porosity ranges from 15-30%. Underlying layer, the layer just below the 
previous concrete layer, served as a storage reservoir as water passes from the top layer. In general, 
this layer is thicker when compared to other layers. The soil layer is an undisturbed soil beneath 
the underlying layer. Soil layer determines the infiltration rate of the pervious concrete layer. In 
terms of low flow rate geotextile is installed between the sub-layer and the soil layer so as to 
prevent soil erosion. When the penetration rate of the soil layer is very low and there is no 
infiltration in the top later the drainage system in Figure 26 will be used. 
 
To avoid flooding, or excess water flowing, the access rate of the soil should be high enough. If 
the penetration rate of the soil is very low, the sub-base should be big enough so as to accommodate 






Figure 26: Pervious concrete drainage system [72] 
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d) Curing of Pervious Concrete 
Pervious concrete curing needs special attention. Additional moisture for curing is needed there 
for a pervious concrete slab should always be placed in a pre-wetted base. If more moisture is lost 
during curing, this will impact the performance of the concrete, a light plastic sheet is used to cover 
the top layer of pervious concrete for not more than 15 minutes [70]. In order to achieve the 
essential quality of pervious concrete suitable and precise curing procedure is crucial. The 
following correct measure needs to be considered. 
 Prevent vibration after finishing, 
 Keep wet or spray if needed, 
 Protect it from the hot sun, strong wind or heavy rain, 
 Protect it from thermal or physical shock, 
 Keep the concrete away from chemical attack. 
 
2.3.4 Mix Strategy of Pervious Concrete 
It has been found that pervious concrete has water treatment characteristics [72], however, there 
was no further investigation that implement those characteristics. Particle sizes and proportion of 
the component materials that’s makes up the concrete affect permeability and strength of pervious 
concrete [73]. Pervious concrete is used in water treatment plants to treat storm water, it was also 
examined for prospective use as a permeable responsive barrier [6,7,74]. For storm water 
management the compressive strength of the cement concrete, the cement-water ratio is one of the 
most important factors. Ratios of 0.3 to 0.38 is the best range of water-cement ratio for strength 
and permeability [74]. Whereas for AMD treatment the water-cement ratio was tested at varied 
ratios of 0.5, 0.4, 0.35, 0.30, 0.27 [75]. Porosity is considered as the most important factor in the 
design process where 20% to 30% is a targeted void content [74]. To obtain specified porosity 
very fine aggregates should be avoided. Furthermore, the permeability of pervious concrete can be 
increased by increasing the aggregate size and avoid using sand when mixing. This will help to 
get a required void-content and to see a difference between conventional concrete and pervious 
concrete. Coarse aggregate is best to use when there is no sand in the mixture. As mention on ACI 




 Too coarse – texture will be too open, 
 Too fine – not enough void, 
 Narrow gradation – maximum void. 
Table 6 shows the recommended mixture for the production of pervious concrete. Correct water 
content in a pervious concrete mixture is very important. Perfectly mixed concrete will show best 
performance. One of the characteristics of perfectly mixed concrete is that there should be no water 
flowing off the aggregate. The, mixture should have a stiff consistency. Figure 27 shows different 
mixtures of concrete with different amount of water to cement ratios. 
 
Table 6: mixture for pervious concrete design. [75]. 
Cement (any type) 224 - 388kg 
Coarse aggregate 1431 – 1670kg 
Water to Cement ratio 0.27 to 0.38 







Correct amount of water. 
 
Excess amount of water. 





It is important to recognize what type of water can be used to mix the concrete. 
 Water that mixes pervious concrete must be clean, filtered water, it must conform to ASTM 
C1602 [72]. However, Neville [75] has highlighted that it is not recommended to use 
drinking water if it has high absorption of sodium or potassium as it will lead to the danger 
of alkali-collective reaction.  
 Ground water can be used but must be first checked before using it [72]. 
 Sea water might be used for non-reinforced concrete but cannot be used for reinforced 
concrete [70]. 
 Wastewater cannot be used in mixing concrete. 
 Water recovered from processes in the concrete industry can be used but it must be first 
checked e.g. the total dissolved solids must be less than 1% [70]. 
 Combined water is a mixture of water from concrete industrial practices and water from 
different sources, it must be analysed first before usage for drops of oil, grease, any 
solvents, pH level. 
  
 
2.3.5 Effects of Impurities in Mixing Water 
Excessive impurities in the water affect the quality of concrete such as concrete strength, reduced 
durability, corrosion of reinforcement and volume changes. Table 7 shows different impurities and 















Table 7: Impurities in water and their effect on concrete [86] 
Impurities Effect 
1.  Alkali carbonate and bicarbonate Reducing concrete strength 
2. Chloride Corrosion of steel in concrete 
3. Sulfate Expands or reduce concrete volume 
4. Iron Salts Reduce concrete strength 
5. Inorganic salts e.g. zinc, copper, lead etc Reduce concrete strength 
6. Organic substances Reduce concrete strength 
7. Sugar Reduce curing time 
8. Suspended particles Reduce concrete strength 
9. Oil/grease Reduce concrete strength 
 
 
 2.3.6 Concentrated Limit of Water Contaminations for Concrete Construction  
The pH value that is from 6 -8 is most suitable for the construction of concrete. Table 8 shows the 
permissible highest limit of water contaminants for concrete construction. 
 
Table 8:  Restrictions of Allowable Contaminations in Water for Concrete Production [87]. 
Types of contamination in water Restrictions of allowable salt 
(Percentage weight of water) 
Biological solids 0.02 
Nonliving solids 0.03 
Sulfates 0.04 
Basic concrete 0.02 
Strengthened concrete 0.05 
 
2.3.7 Quality Requirement for Curing Water 
The main objective of curing the concrete is to let water penetrate the concrete. If there was a way 
to prevent evaporation or loss of water during curing, water will not be required during curing. As 
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stated previously curing of pervious concrete needs water. Generally, if water is approved for 
mixing, then the same type of water can be used for curing. However, if iron is available on curing 
water it can cause staining, especially if the water is flowing over the concrete and evaporates very 
quickly. It has been found [76] that impurities in water affects the process of hydration, stopping 
real bond amongst aggregates and reduce the durability of aggregates. In a similar way the strength 
of concrete is also affected by the impurities that may be found in curing water [88]. The effect of 
different types of concrete mixing water on the compressive strength was investigated by  
Olugbenga [89] . The effect of contaminants such as salts of sodium, manganese, tin, zinc, copper 
and lead on the compressive strength of concrete were investigated. The findings were statically 
processed by Olugbenga  [89] .The results of Figure 28 indicates that contaminants that were found 




Figure 28: Compressive strength versus Curing age for different samples of water [89]. 
 
 
It is also confirmed by Kucche [90] that if concrete is mixed properly with accepted tolerance of 
contaminants in water, it may be possible to use impure water in curing and in mixing. At the same 




2.3.8 Mix Ingredient Factors that Affect Water Requirement on Concrete 
As stated by Owens [69], sand quality affects the requirements of water in a concrete. Table 9 
extracted from [69], fundamentals of concrete, shows the list of factors that influences the necessity 
of water in concrete mix. For the concrete to be in consistent a certain requirement of water need 
to be specified. Water to cement ratio also affects the hardening of concrete. The water requirement 
has an influence on the dimensional stability of hardened concrete. Owens [69] has listed factors 
that affect water requirements such as: 
 The consistence of concrete, 
 The contents and properties of materials in the mix, 
 Size of aggregate, 
 Shape of aggregate, 
 Admixers, 
 Effect on environmental conditions, 
 Effect of time, 



















Table 9: Material factors that affect the water requirement of concrete 
Material Factors that affect 
water essential 
Water requirement decreases 
with: 
Rock Average particle size Increasing magnitude 
Filling capacity Refining packing capacity 
Surface texture Improve in evenness 
Soil Particle shape Improving roundness 
Grouping Improving particle size spreading 
Surface texture Increase in smoothness 










Nature need of fly ash, zero CFS content 
Proportion of 
extenders in a blend 
Accumulative FA content and 
reducing CFS content 
Admixtures Nature Use of plasticiser or super 
plasticiser 




 2.4 Porosity 
Pores are voids or spaces filled with air in a concrete. Pervious concrete is characterized by high 
percentage of porosity and high drainage capacity as compared to other types of concrete [91]. 
Porosity of pervious concrete impact its hydraulic, mechanical, and durability characteristics, and 
depends on mixture parameters and compaction design [92]. In the research conducted by Gerson 
et al 2017 [93], it is indicated that there is no standardized method in the laboratory that gives 
accurate measurement of porosity. The increase in the number of connected voids (porosity), 
results to the increase in the perviousness of pervious concrete [94], therefore, there is a direct 
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relationship between permeability and porosity. Falling Head Method (FHM) and Constant Head 
Method (CHM) are used to test pervious concrete penetrability by using different water head on 
testing samples [95]. The results found by Montes [95] shows that the permeability of CHM is 
higher than the permeability of FHM. Both methods were studied from the concept of fluid flowing 
through a porous medium. The FHM is not sensitive to change in porosity and CHM is an 













Figure 29: Falling head method (FHM) permeability test schematic view apparatus [95]. 
 
The FHM measures time (t) that water height h1 takes to go through specimen (pervious concrete 
sample). The time measurement starts when the operator opens valve A, and  stops when the water 
level reach h2. The time to it takes to decrease water level from h1 to h2 is recorded. Often the 
standpipe is refilled and the test is rerun . Figure 30 shows the schematic view of CHM, the test 
measures the amount of water that passes through a pervious concrete sample at a pre-determined 




water inside a column of cylindrical shape under constant pressure difference. The operating 
apparatus is designed such that the constant head reservoir can be adjustable and with the outlet 
reservoir that is able to maintain the constant head. Before starting the CHM the pervious concrete 
model has to be saturated.  
 
 
Figure 30: Constant head method (CHM) permeability test schematic view apparatus. [95]. 
 
For CHM the apparatus must have a run-off drain to ensure the required water level during the 
test. During the test the time (t) the water takes to go through the pervious concrete sample is 







                           Equation 1 
It is also noted that the assembly of CHM is easier than FHM. 
 
 2.5 Design Analysis of a Concrete Dam 
Due to increased demand for water supply, the design and construction of dams has received more 
attention. When designing a dam, the reservoir hydrodynamic load with external and internal 
pressures should be considered. Hydrodynamic load is a load that is caused by the flowing water 
against and around the structural element. There are various forces acting on concrete gravity 
dams, see Table 10 and Figure 31. 
 
 
Table 10: Forces acting in a dam structure [97]. 
Vertical forces Horizontal forces 
Gravity stand-in on mass of dam Hydrostatic pressure on upstream 
face  
Gravity stand-in on mass of water on upstream Inertia force of water due to shaking 
Elevated force Extra fluid pressure due to build-up 
on the upstream face. 







Figure 31: General layout of forces acting in a Dam [97]. 
 
For an accurate design the effect of each force is investigated. Water pressure is a major force that 
acts on the concrete dams. The resultant hydrostatic pressure can be expressed as horizontal and 






                            Equation 2 
 






                            Equation 3 
   
Uplift pressure is the water pressure below the base of the dam. This pressure is caused by water 
as it finds it’s position between the concrete base and dam foundation. The magnitude of uplift 
pressure depends on the character of the foundation and construction type [97]. As the water enters 
between the joints of foundation and the base of the dam it seeps through and emerges at the  
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downstream end. Then that water forms a hydraulic gradient between upstream and downstream 
sides of the dam which results to a vertical upward pressure. Figure 32 shows how the uplift 
pressure looks like. 
 
 
Figure 32: Uplift pressure.[97]. 
 
It is assumed that the uplift pressure is not constant on both upstream and downstream [97].Under 
this assumption uplift force is: 
 
 
𝑾𝒖 = 𝒘 
𝑯𝟏+𝑯𝟐
𝟐
𝑨                 Equation 4  
 
As stated by [Burger et al 2006] uplift pressure can be reduced as per the following: 
 Longer pipes, 
 Smaller gaps between pipes, 
 Larger diameter pipes, 




To stabilize the dam structure the  self weight of the dam has to be considerd as it is the largest 
force that is suppose to act at the center of gravity of the dam structure in the vertically downward 
direction. The weight of the dam is the major resisting force [97]. During earthquake dams are 
sujected to vibration, which affects dam structure and the water in the reservior. Earthquake wave 
may travell in any direction whether horizontal of vertical. However, the vertical acceralation does 
not pose any serious damaging force , therefore, it is not considered in the design of dams. The 
horizontal accerelation produces both Inertia force in the body of the dam and the hydroudynamic 
pressure of water. The product of mass and acceralaration is called Inertia force. Inertia force is 
calculated as follows: 
 
𝑬𝒊 =  
𝑾
𝒈
(𝜶𝒈) = 𝒘 𝜶                 Equation 5 
 
𝛼 is taken to be 0.2 for practical reasons [97]. 
 
Horizontal pressure of water is generated to keep the dam structure and foundation as one 
assembly. The dam is normally made out from a trapezoidal section, the restoring moment of 
structure depends on the centroid of the dam [88]. 
 
2.6 Examples of Concrete Dam Failure 
It is important to understand the type of failure that may occur in a concrete dam so as to avoid 
those failures in a design stage. Concrete dam failures are classified into structural and functional 
failures. A structural failure includes cracking, breaking and sliding. Whereas functional failure 
are the ones that cause a dam not to do what it was designed for. Cracks, sliding, breaking may be 
caused by stress and strain. Sometimes the dam failure may be caused by uplift pressure, uplift 
force is an active force that exist within both foundation and concrete structure. This pressure can 
be found in cracks, joints, and pores. The uplift pressure can be the principal cause of failure in a 
concrete dam because large uplift pressure affects the structure stability of concrete dams, it must 
be accounted and analysed during the design stage so as to minimise failure. Figure 33 shows a  
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Austin Bayless dam after failure. This failure was attributed to the designer, he/she admitted that 




   
Figure 33: Austin (Bayless ) dam failure [101]. 
 
 
There are 2 types of principal concrete dam named as: 
 Concrete Arch dam: when designing this type of dam the foundation has to be designed 
very carefully because of movement that is caused by water pressure. 
 Concrete gravity dam: this type of dam should be kept stable against sliding so as to 
maintain its structural integrity. 
 
 2.7 Finite Element Method of Concrete Dams 
The failure of dams has been a subject of many analytical, numerical and experimental studies for 
scientist and engineers. Dam failure is a critical event that can cause loss of life, damage to property 
and damage to the environment. With increasing computer capacity, analysis and numerical 
studies on dam failures has become more interesting and cost effective. During Finite Element 
Method analysis a 2D or 3D model of a dam is developed so as to simulate inundation depth, and 
break point, these models can also be used to derive governing equations such as hydrostatic 
pressure [83]. The analysis of dams is significant for the design and Safety evaluation of concrete 
61 
 
dams, FE analysis for concrete dam is mostly needed in complicated geometry, stability analysis, 
dam surveillance and how the foundation of concrete dam influence the behaviour of dam 
structure. Figure 34 shows a 3D finite element model of Brezina arch dam without end-to-end soil 




Figure 34: 3D finite element model of Brezina arch dam without adjacent soil and boundary conditions.[83] 
 
 
2.8 Summarised critical analysis/synthesis 
Acid mine drainage is an environmental threat, there are many possible solutions that are already 
implemented but each solution needs to be evaluated against conditions and environment in which it 
operates. Few things to consider when dealing with AMD for pervious concrete treatment: 
 Current problem must be evaluated. 
 Type of aggregate 
 Water to cement ratio 
 Porosity 
 Design of treating media 
 Experimental and testing procedures 
2.9 Literature review conclusion 
This dissertation focuses in determining the effect of aggregate type, water to cement ratio, percentage 
porosity and the thickness of pervious concrete when treating AMD. The design of pervious concrete has 
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an influence on the AMD pH and  the removal of metal concentration. The sample collection and chemical 




SAMPLE COLLECTION AND TESTING 
 
3. Introduction 
Chapter 3 describes the procedures for collecting AMD samples at South 32 Middleburg Water 
Reclamation Plant. The collected AMD samples will be treated using different designs of pervious 
concrete block . South 32 Middleburg water reclamation plant Figure 35 is located at eMalahleni 
in Mpumalanga province in South Africa, the plant specializes in treating impacted mine water 
from the Middleburg mines. 
 
 
Figure 35: South 32 Middleburg Plant 
 
This plant is made up of different components such as  
 Water collection pipe network from contaminated mine water storage areas located in 
Middleburg mines. 
 A central plant feed water dam or water holding dam allows mixing of mine water from 
different storage areas. 
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 Water treatment plant and offices where liming, reverse osmosis and ultrafiltration are 
done. 
 Discharge pipeline for treated water, the plant discharges all treated water to river 
systems to support community and used by ecosystem. 
 
3.1 Objectives of Collecting AMD Samples 
The purpose of collecting the AMD samples is to do chemical analysis in the laboratory at DFC 
UJ campus, this is to record the removal of concentrated metal in AMD solution and to record if 
there is a change of Ph before and after treatment. These results will be used to demonstrate 
regression model of AMD. Figure 11 shows the list of experiments that were done. 
 
3.2 Field Procedures  
3.2.1 Sample Quality Control 
Procedures to avoid cross-contamination of Acid Mine Drainage samples by adhering to these 
guidelines: 
 Escape polluting apparatus or tester bottles on site by not placing them on or near potential 
pollution sources such as exposed ground, polluted vehicle etc.  
 Avoid carrying sample equipment with polluted hands or gloves. Accountable people must 
wear clean gloves made of suitably inactive material. Swap gloves when soiled and 
between sample position. 











Table 11: list of chemical analysis conducted on AMD samples from South 32 
Item Name of Chemical 
Analysis to be conducted 
Reason for Experiments Apparatus that was used 
1 pH Test To find out the PH of AMD   pH Meter 
2 Analyze Precipitation of 
heavy metals such as: Zinc, 
Calcium, Sodium, 
Magnesium and Iron 
To understand the chemical 
concentration of AMD. 
 Spectrophotometer 
3 Electrical Conductivity To check the amount or the 
quality of concentrated irons. 




Different mines were proposed, in order to collect a variety of AMD for fair presentation, but not 
all of them permitted the Author to collect. The following mines were approached: 
 South 32 in Rustenburg – Access to collect AMD was denied, because the mine 
environment was not good to collect AMD, South 32 in Rustenburg gave the author a 
transfer to South 32 in Middleburg. 
 Knight gold plant in Germiston – Access was denied, no author is allowed to collect 
AMD from their plant. 
 South 32 water reclamation plant in Middleburg approved the access to collect AMD. 
 
3.3.1 Sample Collection 
A 2 liter plastic Coke bottle (Figure 36 ) was used to collect the AMD sample, from 2 collection 
pipeline and collection dams in South 32, the two pipeline collect water from Rondeboch mining 







Figure 36: AMD Samples 
 
Prior to collection of AMD, a pressure gauge that is installed in each pipeline indicated the 
pressure rating as follows: 
 
Table 12: Initial measurement that were taken before AMD collection 
Sample Source of AMD Pressure in kPa Water temperature 
1 Rondeboch 25 15°C 
2 E4 25 20°C 
 
 
3.3.2 Procedures to Collect the AMD Samples 
 A clean pair of gloves was used for each new sample 
67 
 
 Correct ppe such helmet, safety boot and overall were used during collection. 
 The collection bottles were not open until they were ready to be filled, so as to keep the 
bottle clean before filling it with AMD samples. 
 The Coke bottle was labeled with a white sticker recording the name of pipeline 





Figure 37: Rondebosch (1) ,E4 pipeline (2) and collection dam (3) 
 
3.4 Chemical Analysis 
Low pH level is one of the characteristics of AMD (highly acidity) and high electrical 
conductivity [98].  
 
3.4.1 The pH Tests 
The measure of alkalinity and acidity in water thus measuring hydrogen ions is called PH. PH 
scale varies from 0 to 14, where scale of 0-6 is acidic, 7 neutral and more than 7 indicate 
alkalinity. Ground water that has a high concentration of metals is an indication of low PH. PH 
meter is a scientific instrument that measures hydrogen ions in water solution, it indicates if 
water solution is acidic or alkaline. PH meter (Figure 38) has a probe which measures the 
Voltage or potential difference of solution where the probe is dipped in the water solution, thus 








Figure 38: Digital PH meter used to measure pH of AMD samples 
 
The PH of two samples (R4 and E4) was measured using the digital pH meter Figure 38. The 
results are shown in Table 13. Before using a PH meter it must be standardized by placing a probe 
in a buffer with pH 7. Once the probe is placed in a buffer the PH meter will indicate different PH 
level then it will stabilize within 1 to 2 minutes. 
Every time the probe is dipped in AMD solution the PH meter must be calibrated, it is advisable 
to have a glass of clean water to rinse the probe. 
 
Table 13: PH results 
Sample Source of AMD pH Value 
1 R4 6.18 





It is easy observed that all samples are exhibited to acidic with a PH range less than 7, this is 
an indication of high concentration of metals. 
 
3.4.2 Analysis of Heavy Metal Concentration 
The chemistry of AMD differs from site as its formation depends from different factors, The 
chemical properties of AMD include [101]. 
 High metal concentration (more especially iron) 
 High concentration level of Sulphate 
 Excessive concentration of  solids 
Spectrometer is an analytical instrument that is used to identify the amount and type of chemical 
that is present in a solution. There are different types of spectrometers such as: Optical 
spectrometer (utilizes visual distribution), Mass spectrometer (ionizes chemical species and 
sorts the ions based on their mass-to-charge ratio), Magnetic spectrometer and Atomic 
absorption spectrometer (figure 39) makes use of the wavelength of light that is specially 
absorbed by the element. On each of AMD sample the amount and quantity of metals were 
measured using an Atomic absorption spectrometer, list of elements that were identified in the 
AMD solution are as follows: 
 Zinc, 














Figure 39: Atomic Absorption Spectrometer (AAS). 
 
3.4.3 Results of Metal Concentration of AMD Samples Using AAS 
The two AMD samples were submitted for Mn, Zn, and Fe analysis by atomic absorption 
spectrometry (AAS) in accord with the Standard Systems for the Inspection of Water and 
Wastewater. Atomic absorption spectrometer was used to check metal concentration. The results 
shown in Table 14 shows the chemical concentration of metals for AMD samples. 
 
Table 14: Chemical concentration 
Name of AMD 
sample 
Chemical Concentration in mg/l 
Manganese (Mn) Zinc (Zn) Iron (Fe) 
E4 16.04 0.21 2.05 





3.4.4. Electrical Conductivity 
The ability of liquid solution to carry electric current is known as conductivity. When ions are 
moving they conduct current, the increase in the mobility of ions results an increase of 
conductivity. The heavy metal released into water by AMD affects conductivity. An electrical 




Figure 40: Electrical Conductivity Meter. 
 
Salts, chemical or metals that dissolved in water breaks into positive or negative charged ions, 
where batteries power conductivity tester, wires are the conductive material that the current 
flows through thus measuring the electrical conductivity of solution. The electrical conductivity 
meter was used for South 32 AMD samples, Table 15 shows the results of electrical 






Table 15: Electricity conductivity results on AMD samples 





3.5 Summary of AMD Collection 
Two different samples of AMD were collected from two pipes named R4 and E4 from South 32. 
An appropriate procedure was taken when collection samples to avoid contamination. The samples 
were tested in the lab before treatment, Ph test, electrical conductivity, and metal concentration 
were tested. Concentration of Manganese, iron and zinc were detected using the AAS machine, 
once the AMD is filtered through the pervious concrete the rate of concentration of these metals 
will be compared. 
 
3.6 Conclusion for Sample Collection and Testing 
Low Ph and concentration of metals are the chemical properties of AMD. These chemical 
properties were indicated by the tests that were conducted. The second chemical analysis will be 
done after the pervious concrete treatment.  
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CHAPTER FOUR   
DESIGN OF PERVIOUS CONCRETE CUBES 
 
4. Introduction 
Pervious concrete is a tough material, appropriately designed for storm water management. And 
created streets and parking lots will last many years with slight preservation. This report clearly 
highlights design parameters of pervious concrete wall that affect treatment of AMD. The purpose 
of this chapter is to give guidance for the design of the pervious concrete cube that will reduce the 
concentrations of metals in AMD. 
 
4.1 Design of Pervious Concrete Slab 
It is important to design and test pervious concrete slab. Samples of AMD obtained from South32 
as outlined in the sample analysis section (see chapter 2), are used to test each pervious concrete 
slab in turns. The experimental plan for these tests is built on the two-level factorial designs. We 
have used three factors; cement type, water to cement ratio and granite aggregate sizes. Their levels 
are shown in Table 16. On this basis a total of eight (8) experiments was conducted as summarized 
in Tables 17 and 18.  
 
4.2 Properties of Required Pervious Concrete Samples 
According to Ayanda et al (2017) a pervious concrete with the following properties reduces the 
concentration of metals in AMD. 
 Water to cement ratio of 0.27, 
 Optimum porosity of 20 to 30%, 
 9.5mm granite aggregate 
 Portland Cement (CEM 1 52.5R) was used, 
 Size of concrete slab 100mm cube. 
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The book on concrete technology [69] gives a good summary of the mixing proportions that can 
improve hydraulic conductivity, as shown in table16.  
 
Table 16: Mixing properties reproduced from table 25.1 from Owens (2009) 
Aggregate 
per 50kg bag 
of cement 





Water content. 𝑙 




m³ 50-kg bag 
of cement 
300 8.6 9 3.4 4.8 175 68 19 
350 10 10.5 2.7 4.1 150 62 21 
400 11.4 12 2.2 3.6 135 56 21 
450 12.8 13.5 1.9 3.1 120 52 22 
Aggregate requirement = 1.05m³/m³ approximately 
 
From interviews conducted with Mr Darren Jacobs, who is the Technical Global Brand Manager 
at LafargeHolcim (a prominent supplier of cement, aggregates and already mixed concrete) it was 
found that, when dealing with AMD the acidic nature of the water is destructive to concrete. This 
is normally addressed by using dense, impermeable concrete that is the opposite of pervious 
concrete. One consideration could be the use of Alkali Activated Cement (AAC) instead of 
portland cement. The AAC is known to be far more resistant to chemicals [69]. However, AAC 
cannot be used at the moment due to its hazardous properties (Mr Darren Jacobs). According to 
Owens (2009) cement type CEM 1 52.5 can be used where high early strength or reduction of 
curing time is required. 
 Mr Sam Goloyi who is the Civil engineer at Concrete institute in Midrand in Johannesburg, has 
recommended CEM IV for the mixing of pervious concrete since it will be used as a reactive 
medium of acidic water. He said CEM IV is not good as AAC but it will respond better to AMD 
than CEM I. One of the major characteristics of AMD is high concentration of Sulfate, therefore 
the use of sulfate resisting cement will be an advantage. Table 17 shows the sulfate resisting 




Table 17: Sulfate resisting common cements:SANS 50197-7 [69] 
Main 
Types 
Notation of the seven products 
 
(types of sulfate resisting 
common cement) 
 Composition (percentage by mass) 
























CEM I-SR 0 95-100 - - - 0-5 
CEM-I-SR 3 
CEM-I-SR 5 




CEM III/B-SR 20-34 66-80 - - 0-5 
CEM III/C-SR 5-19 81-95   0-5 




CEM IV/A-SR 65-79 - 21-35 0-5 
CEM IV/B-SR 45-64 - 36-55 0.5 
 
From Table 17 it can be noted that CEM I and CEM IV are both sulphate resisting cements, 
however, CEM IV has a percentage of Siliceous fly ash. Fly ash is composed from consume flow 
of furnaces burning finely powdered coal. The finer fraction is used as a Portland cement extender. 
Fly ash reacts with calcium hydroxide, with water, to form cementing mixtures made of calcium 
silicate hydrates [69] In conclusion cement types CEM 1 and CEM IV is used. The latter is chosen 
specifically because it has a percentage of fly ash, this will help to compare the results of AMD if 
a different type of Portland cements is used. 
 
4.3 Experimental Plan for Designing Concrete Cubes 
Our purpose is to vary the input variables, in Table 18, in order to observe a possible variation in 
the response in the output variable. For this purpose, we have used a factorial design to obtain best 
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results that will inform us as to which variable combination will give best pervious concrete to 
absorb metal concentrates from AMD samples. 
 
4.3.1 Aim of Designing Concrete Cubes 
The aim of design different concrete cube is to find the best ingredients and properties of pervious 
concrete that treat AMD. 
 
4.3.2 Experimental Design 
The experiments are designed on the 23 factorial design principle. We have used a good replication, 
randomization and blocking to develop the design matrix in Table 18 and the model matrix in table 
18. The factors are shown in Table 18 and the geometrical representation of the design model 
shown in figure 41. The replicates are the thickness of concrete slab which range from 80mm to 
120mm. 
Table 18: Factors and levels 
Factor Level 
Label Name - + 
A Cement type CEM 1 52.5R CEM IV 32.5 N 
B Water to cement ratio (W:C) 0.24 0.3 




















Figure 41: Geometric view of the design. 
 
Determination of the average of the replicates at each node of Figure 41 to obtain 8 experimental 
runs, as shown in Table 18. These experimental runs involve different pervious concrete slabs built 
by Lafarge Holcim with properties summarized in Table 18. The purpose is to test the various 
combinations of properties of the pervious concrete on the response, which is the relative metal 














A B C 
1 - - - 
2 + - - 
3 - + - 
4 + + - 
5 - - + 
6 + - + 
7 - + + 
8 + + + 
 
 
Table 20: Proposed Model matrix 
Run Coded Factors Thickness (y) Total Average (ȳ) 
A B C Replicate 1 Replicate 2 Nodes Nodal totals Nodal Average 
1 -1 -1 -1 80.0 120.0 (1) 200 100 
2 1 -1 -1 115.0 95.0 a 210 105.0 
3 -1 1 -1 90.0 107.5 b 197.5 98.75 
4 1 1 -1 117.5 105.0 ab 222.5 111.25 
5 -1 -1 1 82.5 102.5 c 185 92.5 
6 1 -1 1 110.5 97.5 ac 208 104 
7 -1 1 1 100.0 112.5 bc 212.5 106.25 









Table 21: Actual Model made 




1 80 CEM 1 6.7 0.34 
2 200 CEM IV 6.7 0.27 
3 80 CEM 1 6.7 0.3 
4 120 CEM IV 6.7 0.3 
5 80 CEM 1 13.2 0.3 
6 120 CEM IV 13.2 0.3 
7 100 CEM 1 13.2 0.3 




Water to cement ratio of 0.24 gave no paste or workability to the concrete as shown in Figure 42, 













Water to cement ratio from 0.24 and below doesn’t give paste to concrete, an additional amount 
of water was required so as to give concrete paste. 0.24  water to cement ratio has the same effect 
whether the stone is 6.7mm or 13.2mm.  
 
4.3.4 Procedure for Making and Curing of Cubes by Means of Vibration 
Apparatus required 
 Cube Mold 
 Vibrating Table 
 Steel float 
 Trowel/Scoop 
 Thermally regulated curing tank 



















Fill mold with ±50mm of concrete and vibrate till large air bubbles are released. Fill the mold 
with another ±50mm of concrete, vibrate as required or till air bubbles are released, repeat this 
procedure till the mold is filled. Smooth the top surface of cubes using a steel float.  
 
Table 22: Vibrating spec (Lafarge Laboratory) 
Slump Achieved (mm) Duration of Vibration (sec) 











Figure 44: Steel concrete float. 
 
Mark each concrete cube with the tag 
Cover the mold for 20-24hr in humid environment (22°C -25°C). 





4.3.6 Pervious Concrete Cube 
8 off different concrete cubes were constructed as per figure 45, and they were stored in a 











Figure 45: Pervious Concrete Model 
 
Thickness ranges 





4.4 Conclusion for the Design of Pervious Concrete Cubes 
 A specific procedure must be followed when making the pervious concrete model, the water to 
cement ratio has the influence on the strength of the block. When mixing the concrete, the impact 
of each ingredient must be well understood. Thickness of the block is one of the variable that are 
investigated to have an impact on the AMD treatment, to keep the thickness consistence to all the 
block a stainless steel mold was used, and a vibrating table was also used to keep the aggregate 










TREATMENT OF AMD USING PERVIOUS CONCRETE 
 
5. Introduction 
The CHP test includes flow of water inside a column of sample under the constant pressure 
difference. In the investigation, the height of the concrete cube was varied in order to evaluate its 
influence on AMD treatment quality and to determine the relationship between flow rate and 
aggregate size of a pervious concrete using the constant head method. This test is a collective 
laboratory testing procedure used to determine the porosity of coarse soils like sands and gravel. 
The constant head method is used in this case since a porous concrete is being tested. The constant 
head method is combined with Darcy’s Law to find the constant of porosity using flow rate, 
specimen area and the hydraulic gradient [106]. The apparatus in Figure 46 was used to collect 
data. The head was kept constant at 250mm. 250mm was used since the space was not enough 
during experiment, any size can be used when conducting the experiment. 
 
 5.1 Constant Head Permeability Test 
 Equipment required. 
 Source of AMD that will keep supplying water, 
 Graduated Container of untreated AMD, 
 Stop watch, 
 Stable stand, 
 Funnel, 
 Graduated Container of treated AMD. 
Figure 46 shows the schematic presentation of constant head permeability test apparatus that was 




Figure 46: Schematic diagram of reaction columns (AMD − acid mine drainage) 
 
5.1.1 Constant Head Procedure 
The test procedure involved the following:   
 Concrete cubes shown in table 20 are completely cured and ready for testing, and each 
concrete cube was covered with the tape on the vertical sides to avoid seeping. 
 Number of different samples required is 16 (8 for E4 AMD and 8 for R4 AMD) 
 Open the discharge pipe, run water through until the pervious concrete sample is saturated 
with no more air bubbles. 
 Establish steady flow of water. 




 Water must pass through the drainage pipe opening until no more air bubbles. 
 Weigh an empty container for treated AMD (W1). 
 Start the stop watch and collect the discharged water in a discharge container for a 
determined time of 40 seconds. 
 Weigh the treated AMD container with water W2. 
  The volume of water, V= (W2-W1)/ (unit weight of water, 1x10−3𝑘𝑔/𝑚3. 
 
 5.1.2 Results and Discussion 
a) Chemical Analysis 
Several concrete mixes were cast as per Table 21 listed in Chapter 4 and tested. The pH meter was 
used to check the pH and Atomic Absorption Spectrometer (AAS) was used to check metal 
concentration. Chemical analysis was done to define removal competence of existing metals on 
AMD. Chemical concentration results were plotted in Figure 47 and 48.  The AAS was used in 
this experiment to measure the concertation of metals in AMD. Each sample of AMD was tested 
on AAS before and after AMD treatment [107]. Before analyzing any solution in AAS it must be 
atomized. Flame was used as an atomizer during the experiment, the atoms were then irradiated 
using optical radiation, then the detector can dictate the metals found on the solution after radiation. 
The digital computer that is connected to the AAS machine displays the results showing the metal 






(a) Changes in E4 Manganes concentration on each concrete mix 
 
(b) Changes in E4 Iron concentration on each concrete mix 
 
(c) Changes in E4 Zinc concentration on each concrete mix 
Figure 47: E4 Metal Concentration before and after AMD Treatment 
 
Since there were two samples of AMD, second sample named as R4 was also tested using Constant 
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(a) Changes in R4 Manganes concentration on each concrete mix 
 
(b) Changes in R4 Iron concentration on each concrete mix 
 
(b) Changes in R4 Zinc concentration on each concrete mix 

























































Manganese removal level on E4 AMD was at an average of 70%. Comparing these results to the 
results that were found by Shabalala et al (2017) [8], granite aggregate gives better treatment 
performance of average 96% than the dolomite aggregate his is  evidence that pervious concrete 
does reduce metal concentration on AMD, the aggregate type has an influence on the metal 
removal of AMD. Pervious concrete also effectively reduces concentration of iron and Zinc for 
both E4 and R4 up to an average of 98%. The metal removal capacity of pervious concrete looks 
very impressive, however, its hydrological properties have a great influence. The effect of flow 
distance was also investigated by placing the concrete cube thickness in a filtering position, see 
fig 48. The results show the increase in the pH as the flow distance increases [107]. The pH of  E4 
AMD was increased from 6.5 to 8.5 and pH for R4 AMD increased from 5.4 to 7.8. 
 
b) Hydrological Analysis 
By looking at the results in Table 23 the aggregate size does influence the flow rate. Each block 
was tested at constant head of 250mm at 40 seconds but each block has shown different measure 
of flow rate. 
 
Table 23: Hydrological Analysis of Constant Head permeability test when head is 250mm and time is kept constant 










water (m³)  
Flow rate 
(m³/s) 
1 6.7 80 3.1 0.0031 0.000078 
2 6.7 200 2.7 0.0027 0.000068 
3 6.7 80 3 0.003 0.000075 
4 6.7 120 3.3 0.0033 0.000083 
5 13.2 80 4.3 0.0043 0.00011 
6 13.2 120 5.4 0.0054 0.000135 
7 13.2 100 3.9 0.0039 0.000098 





Figure 49: clearly shows that there is a direct relationship between aggregate size and the flow 












Figure 49: Aggregate size versus Flow rate. 
 
5.2 Conclusion for the Experiment 
The result shown in this chapter clearly shows that the design of pervious concrete does influence 
the treatment quality of AMD. It is an evidence that pervious concrete does reduce the metal 
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AMD FLOW MODELLING 
 
 6. Introduction 
In order to investigate the relationship between dependent and independent variables, regression 
modelling technique was used. This technique is used to analyze several variables. Regression 
analysis helps to understand the effect of each independent variable to the dependent variable. In 
this research it is done to establish properties of pervious concrete that treat AMD and to 
understand the relationship between the AMD treatment variables.  Familiar methods of regression 
analysis include linear regression and ordinary least square regression. Linear regression method 
is a linear approach that involves modelling the relationship between dependent and independent 
variables, whereas ordinary least square regression is used to model unknown parameters in a 
linear regression method. This research focuses on linear regression method. The AMD quality is 
modelled as a dependent variable and all other variables are independent variables. The dependent 
variable is shown on the y-axis and the independent variable are shown on the x-axis.  
 
 6.1 Linear Regression Modelling 
This is the most applied technique in statistical analysis and modelling. It establishes the 
relationship between dependent and independent variables. Dependent variable is the variable that 
will be predicted, and independent variable is a variable that influences the dependent variable. 
Linear regression modelling also helps to identify the most independent variable that closely effect 
the dependent variable. Linear regression analysis is divided into two approaches such as  simple 
linear regression which models the relationship between the dependent variable and one 
independent variable and multiple linear regression is when independent variables includes two or 
more variables. In this research a multiple linear regression is used and Excel software was used 




𝒚 = 𝒃𝒙 + 𝒂 + 𝒆           Equation 6 
 
where y- is the dependent variable 
 x– is the independent variable 
 a – y intercept 
 b - Slope 
 e – Random error 
As discussed in previous chapters the treatment of AMD using pervious concrete is governed by 
many factors such as aggregate type, aggregate size, the filter thickness and the water pressure. 
These variables are used here as independent variables, whereas AMD quality is the dependent 
variable. Table 23 data in section 5.1.3b is used to develop the AMD regression model. 
 
6.2 Regression Analysis Output Summary  
Excel was used to run this regression modelling, all calculations were done automatically in the 
Microsoft Excel software environment. Table 24 is a summary of the results. 
 
Table 24: Regression Statistics 
Multiple R 0.885307 
R Square 0.783769 
Adjusted R Square 0.675653 
Standard Error 1.230292 
 
Multiple R – Correlation co-efficient that evaluates the linear relationship between two variables, 
its values ranges between -1 and 1, where 1 means strong positive relationship or direct 
proportionality and -1 is a strong negative relationship or inverse proportionality and 0 shows no 
relationship at all. 
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 R Square – Coefficient of determination, It indicates how well the independent variables 
fit on the dependent variable. In this case 78% shows a very good fit. 
 Adjusted R Square – This shows the percentage accuracy of this model, in this case 67% 
of accuracy is indicated. The bigger this number the better its accuracy. 
 Standard Error - Regression Analysis precision. 
 Observations – Model observation number. 
 
6.3 Regression Analysis Output: ANOVA  
The second part of analysis is Analysis of Variance (ANOVA). The focus on this part is on 
Significance (F), because it highlights the reliability of the results. If F is less than 0.05 (5%) the 
model is ok, but if it is more than 0.05  it is better to choose another independent variable. 
 
Table 25: ANOVA 
  df SS MS F Significance 
F 
Regression 2 21.94553 10.97276 7.249357 0.046756 
Residual 4 6.054475 1.513619 
  
Total 6 28 
   
 
6.4 Regression Analysis Output: Coefficients 
In this section of the regression analysis, specific information about the component is revealed. 
 
 
Table 26 : Regression analysis output coefficient 
  Coefficients Standard 
Error 








Intercept 1.208201 2.785937 0.433679 0.686887 -6.5268 8.943203 -6.5268 8.943203 
6.7 0.476504 0.164448 2.897593 0.044225 0.019923 0.933086 0.019923 0.933086 




Coefficient is the most important variable, it will help to make a linear regression model. The 
statically significance and the nature of the relationship is shown by p-values and coefficient 
values. The coefficient values show the mathematical relationship between independent and 
dependent variables and the p-values shows their significance. The p value specify if the estimated 
coefficient value is wrong, the desired value of p should be small. In Table 26 standard error shows 
the accuracy of the model. It reveals the average error of the model, the smaller the standard error 
the better in this case 0.013 is more reliable error since it is the smallest. The t statistics is not the 
important number however it shows the reliability of coefficient, the larger t value indicates the 
more reliable coefficient in this case in Table 26 the more reliable coefficient is 0.4. The 95% 
interval indicate the range where the value of confident is.  The 95% confident is shown in lower, 
upper, to improve accuracy [105 - 107].  
 
 6.5 Regression Analysis Output: Residuals 
The residual stage shows the difference between predicted values and actual values. 
 




1 2.299611 -0.29961 
2 3.560311 -0.56031 
3 3.140078 0.859922 
4 6.657588 -1.65759 
5 6.237354 -0.23735 
6 6.447471 0.552529 
7 6.657588 1.342412 
 
For the first data aggregate size is 6.7mm, the residual is -0.29, so to get the actual value we add 




 6.6 Linear Regression Model 
Regression modelling in this study is used to compare two variables which is the thickness of the 
pervious concrete slab and the aggregate size. Figure 50 shows a negative relationship, since the 
slope is inversely proportional. The relationship between these two variables clearly shows that 
they are indirectly proportional to each other. So, it means to get the best result of the treatment of 
Acid Mine Drainage the thickness of the concrete slab must increase with a decrease in aggregate 
size.  These results are based on dolomite aggregate. These results are the same as the one that are 
highlighted in chapter 5, Figures 47 and 48. This clearly shows that the pervious concrete that is 
made up of thicker slab and small stones will have higher filtration capacity than the slab that is 
thinner with a big stones.  
 









𝒚 = −𝟑. 𝟖𝟒𝟔𝟐𝒙 + 𝟏𝟒𝟓, 𝟕𝟕        Equation 7 
 
Equation 7 is the regression equation; this equation is the center of regression analysis. The 
objective of finding this equation is to analyze the relationship between thickness on concrete and 
the aggregate size. The dependent variable is the thickness (y-axis of figure 50), Variable x which 






Figure 50 Linear regression Model 
 
Checking the results of AMD treatment using these two variables (Thickness and aggregates 
size) is very important [105]. On this analysis only one sample of AMD will be used which is 
R4, results are analyzed based on pH value after AMD treatment [106, 107]. 
 
Table 28 AMD pH after Treatment using E4 AMD Sample 






6,7 80 6,9 
13,2 80 7,2 
6,7 120 8,2 
13,2 120 6,5 
6,7 200 7,8 
13,2 200 7,2 
 
Table 28 shows the pH of AMD after it was treated using different thickness of concrete block, 
Figure 51shows a positive relationship, as the thickness increases the pH of AMD also increases 
as it passes through the concrete [105 - 107]. 






















Figure 51: AMD pH Versus the concrete thickness. 
 
The effect of aggregate size was also investigated by using different size of aggregate size, Figure 
52 shows that there is a direct relationship between the aggregate size of the concrete and the pH. 
As the aggregate size increases the AMD pH also increases this is however depends to the 
thickness of the concrete as explained in Figure 50. 
 
 
Figure 52: AMN pH and aggregate size. 
















AMD PH VS AGGREGATE SIZE






















6.7 Prediction of Pervious Concrete Behavior using Regression Model 
Figures 49 gives an insight for designing the pervious concrete wall for the treatment of AMD. 
Figure 49 shows that when the aggregate size increases the flowrate will increase. Then the linear 
regression model in figure 50 establish the properties of pervious concrete that threat AMD. These 
results can be used when designing the concrete wall. This regression model clearly shows that 
there is a core relationship between the aggregate size and the thickness.  
Equation 7 can be used to design a concrete block that can treat AMD depending on the pH value 
that is required. The thickness of the pervious concrete decreases as the aggregate size increases 
vice versa. For example if the value of aggregate size is 6.7mm using equation 7 the thickness of 
the concrete wall will be y = -3,8462(6.7)+ 145,77 = 120mm , the volume of the concrete doesn’t 
make the difference on the PH value and the metal filtration, as long the thickness and aggregate 




CONCLUSIONS AND RECOMMENDATIONS 
 
7. Introduction 
As stated previously it is important to establish pervious concrete design parameters that best treat 
AMD. In this report there are parameters of pervious concrete that are found that treat AMD. 
Starting from the components of pervious concrete to the treatment of AMD all stages have an 
impact on the results. For example, the type of aggregate, the size of aggregate, the cement type 
and the pervious concrete water to cement ratio all have an impact on the treatment of AMD, that 
is why it is important to establish the flow model with an equation so that pervious concrete AMD 
treatment qualities can be clearly defined. The pervious concrete parameters that are found in this 
report are based on the treatment of AMD from the coal mine. These parameters were not tested 
from other AMD such as from gold mine. Different technical solutions have been implemented 
for the treatment of AMD, however, they are very expensive and complicated, so there is a 
significant need for an efficient, simple, yet less expensive method to treat AMD. 
 
7.1 Conclusion 
In the foregone investigation, constant head permeability test was performed to evaluate the 
potential use of pervious concrete as a treating media for AMD and to establish qualities of 
pervious concrete that treats AMD.  The regression modelling was done to establish those 
properties.  The following conclusions were drawn based on findings. 
 Aggregate size significantly influences the hydraulic conductivity of pervious concrete, 
larger aggregates results in high hydraulic conductivity.  
 Iron and Zinc were successfully removed from AMD, the pervious concrete also reduced 
the concentration of Manganese, comparing current results to Tshabalala et al 2017, granite 
aggregate have better AMD treatment qualities than Dolomite.  
 The flow distance (thickness) have an influence on the pH of AMD as it flows through 
pervious concrete. As the flow distance increases the pH also increases. 
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 The flow rate of AMD decreases with the increase in thickness of pervious concrete wall 
due to declining porosity. 
 Establishing the qualities of pervious concrete that treat AMD, 13.2mm aggregate results 
to a flowrate of 0.0001m³/s and above. 6.7mm dolomite aggregate can remove up to 90% 
of metal concentration in AMD.  
 
7.2 Recommendations 
As it was stated previously Acid Mine Drainage cannot be prevented but it can be controlled. The 
use of pervious concrete as a treating medium cannot only reduce cost but can be trusted as an 
efficient method to treat AMD. Therefore, the following recommendations drawn from the study. 
1. To investigate further whether the granite aggregate gives better treatment results of AMD 
than dolomite aggregate on other types of AMD from mines such as gold, etc. 
2. There must be laws that force mining companies to protect the environment and be 
accountable. These laws must be established by Government to preserve the environment 
and heritage sites.  
3. Conduct investigation on repositioning and segregation of mine waste that may result 
AMD and their prevention from rejoining with water. This often includes segregating the 
waste from contact with under-groundwater by stirring the waste beyond the water table, 
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